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Introduction
Towards the goal of realizing sustainable and greener energy scenario, economic and efficient energy-storage and (remote) supply form a key challenge. In this context, rechargeable Li-ion batteries have become a frontrunner device empowering small-scale portable electronics to large-scale (hybrid) electric vehicles [1] . In parallel to the massive effort on lithium batteries, recently sodium-ion batteries have attracted renewed interest owing to the abundance of sodium resources [2] . In this quest, a variety of oxides (e.g. Na x CoO 2 , NaCrO 2 , NaVO 2 , Na x (Fe 1/2 Mn 1/2 )O 2 ) and polyanionic cathodes (e.g. NaFePO 4 , Na 3 V 2 (PO 4 ) 3 , NaVPO 4 F, Na 2 FePO 4 F, NaFeSO 4 F) has been reported [3] [4] [5] [6] [7] [8] [9] [10] . In the search for new sodium cathodes, a family of several polyanionic framework materials can be explored. With our recent success in Li metal pyrophosphate (Li 2 MP 2 O 7 ) cathodes [11, 12] , we extended the pyrophosphate chemistry for possible discovery of potential sodium-based cathode materials. Surprisingly, there has been no report on a sodium metal pyrophosphate (Na 2 − x MP 2 O 7 ) class of cathode, although it has been extensively investigated by crystallographers for the past four decades [13] . Recently, a mixed-polyanionic cathode [Na 4 Fe 3 (PO 4 ) 2 (P 2 O 7 )] having both PO 4 and P 2 O 7 units has been reported [14] . Embarking on the mission to find a Na 2−x MP 2 O 7 pyrophosphate cathode, our natural priority was to prepare Na 2 FeP 2 O 7 , a previously unknown compound. It can be easily prepared by conventional one-step solid-state synthesis. Exploring the rich pyrophosphate chemistry, we hereby report Na 2 FeP 2 O 7 as a new cathode compound for sodium-ion batteries with promising electrochemical properties involving a 3.0 V Fe 3+ /Fe 2+ redox activity.
Material and methods
The target compound (Na 2 FeP 2 O 7 ) was prepared by conventional one-step solid-state route. A 2:1 molar mixture of NaH 2 PO 4 (Wako, 99%) and FeC 2 O 4 .2H 2 O (Junsei, 99%) was intimately mixed by planetary ball-milling for 2 h (400 rpm) in acetone. For milling, Cr-hardened stainless steel (Cr-SS) milling media and container were used. After evaporating the acetone in vacuum, the precursor mixture was ground and calcined at 600°C for 10-12 h in a tubular furnace (with steady Ar flow) to obtain the final product. Alternately, Na 2 FeP 2 O 7 was made by a splash combustion synthesis using stoichiometric amount of NaH 2 The solution was stirred overnight (with steady argon bubbling) and the final products were filtered and dried at 60°C.
Powder X-ray diffraction pattern was collected in the 2θ range of 10-90°(with the step size of 0.02°) by using a Rigaku RINT-TTR III powder diffractometer (operating at 300 mA, 50 kV), equipped with a Cu-Kα radiation source (λ 1 = 1.54056 Å, λ 2 = 1.54439 Å). Rietveld refinement was performed using TOPAS-Academic Ver. 4.1 [16] . The Mössbauer spectra were measured with a Topologic System Inc. spectrometer with a 57 Co γ-ray source, calibrated with α-Fe as standard. The model fitting was performed with MossWinn 3.0 software [17] . SEM imaging was conducted on powder samples mounted on conducting carbon paste by a Hitachi S-4800 FE-SEM unit operating at 5 kV.
For electrochemical measurements, the working electrode was formulated by ball milling 75 wt.% Na 2 FeP 2 O 7 active material made by solution-combustion synthesis, 20 wt.% acetylene black (AB) and 5 wt.% polytetrafluoro-ethylene (PTFE) binder. This working electrode tape was pressed on an Al mesh working as the current collector, with an average cathode loading of 3 mg/cm 2 . Beaker-type three-electrode cells were assembled inside an Ar-filled glove box by taking the cathode film as the working electrode and Na metal foils acting as counter and reference electrodes. These beaker cells were filled with 1 M NaClO 4 dissolved in propylene carbonate (PC) acting as electrolyte with no additives. Galvanostatic charge-discharge cycling was conducted in the voltage range of 2.0-4.0 V at different rates (from C/20 to 10 C) (at 25°C).
Results and discussion
Independent of the synthesis routes, the Na 2 FeP 2 O 7 product was found to assume a triclinic framework with P-1 symmetry, isostructural to the triclinic polymorph of Na 2 CoP 2 O 7 as reported by Erragh et al. [18] . Interestingly, Na 2 CoP 2 O 7 stabilizes into three polymorphs: orthorhombic (P2 1 cn), tetragonal (P4 2 /mnm) and triclinic (P-1) phases, the orthorhombic phase being the most stable one [18, 19] . Contrary to our speculation, for Na 2 FeP 2 O 7 , the triclinic phase was always obtained independent of the synthesis conditions. The X-ray diffraction pattern of solid-state prepared Na 2 FeP 2 O 7 sample is illustrated in Fig. 1 , where Rietveld refinement shows majority (90%) of the desired product formation along with traces of impurities like Na 4 P 2 O 7 (7%), maricite NaFePO 4 (1.5%) and Na 4 Fe 3 (PO 4 ) 2 (P 2 O 7 ) (1.4%). The former two impurity phases are thermodynamically quite stable and electrochemically inactive. The Na 2 FeP 2 O 7 assumes a triclinic (space group: P-1) structure with lattice parameters: a = 6.43382 (16) . Similar results were obtained for the solution synthesized sample. It is built from FeO 6 octahedral and PO 4 tetrahedral building blocks, connected in a staggered fashion thus creating large tunnels along the [011] direction accommodating the Na atoms. The crystal structure contains corner-sharing Fe 2 O 11 dimers (i.e. FeO 6 -FeO 6 ), which are interconnected by the characteristic P 2 O 7 diphosphate units, both by corner-sharing and edge-sharing fashion. The constituent Na ions occupy four distinct crystallographic sites (Fig. 1, inset) . A series of isostructural non-stoichiometric Na 2−2x Fe 1+x P 2 O 7 compositions can be formed similar to previously-reported Na 2−2x M 1+x P 2 O 7 (M=Mg, Ni) phases [20] . Currently, we are in the process of a detailed synchrotron structural analysis of this novel compound. From SEM analysis, the particle size was estimated to be 3-5 μm for solid-state synthesis and 300-500 nm for solution-combustion synthesis.
Though complex in nature, this structure offers large tunnels for Na-migration, thus offering a potential to be used as a cathode material. Mindful of the fact that the Na-based cathode materials are far less explored than their lithium counterparts and are mostly limited to oxides, the Na 2 FeP 2 O 7 can be a new member of a handful number of known polyanionic Na-cathode. Constituting naturally abundant Na, Fe and PO 4 -species, it can be an economic cathode candidate for large scale sodium-ion batteries. In these contexts, we tested the electrochemical performance of solution-combustion prepared Na 2 FeP 2 O 7 cathode with no further cathode optimization such as carbon coating or particle down-sizing.
Upon the electrochemical cycling at a rate of C/20 (at 25°C), a reversible capacity of 82 mAh·g −1 was obtained approaching one- electron theoretical capacity of 97 mAh·g −1 (Fig. 2a) . It involved a stair-case type voltage profile with a small plateau at 2.5 V followed by a large plateau at 3 V. Subsequent charge-discharge profiles were found to be neatly superimposing on each other resulting in an excellent capacity retention. As shown in the inset, the corresponding dQ/dV plot reveals the peak centered at 3 V consisting of three small steps (marked as 1, 2 and 3), which may signal a structural rearrangement or Na-ion ordering during Na (de)insertion reaction. This type of multi-step voltagecomposition curve owing to the Na-ion/vacancy ordering has been observed in other Na-based cathodes such as P2-Na x CoO 2 [21] . Afterwards, the rate capability was measured up to 10 C rate (Fig. 2b) . Retaining the two characteristic plateaus at 2.5 V and 3.0 V, the Na 2 FeP 2 O 7 cathode showed excellent rate kinetics retaining 91% and 85% of the initial capacity at 1 C and 5 C rates respectively. This excellent kinetics can be attributed to the multi-dimensional open Na + -ion diffusion channels and the presence of a~5 nm surface carbon layer formed by the solution combustion process. The electrochemical performance of Na 2 FeP 2 O 7 cathode is quite promising, considering the fact that the solution-combustion prepared sample was relatively large (300-500 nm) with~90% purity and was tested as such without any additional optimization. Further improvisation in synthesis and cathode formulation (e.g. particle nanosizing, carbon coating) can positively improve the electrochemical performance of this novel cathode.
The voltage-composition curves of Na 2 FeP 2 O 7 were found to be particularly atypical. To study the underlying Na (de)insertion reaction mechanism, Na 2 FeP 2 O 7 was chemically oxidized in an attempt to form NaFeP 2 O 7 . The XRD patterns and Mössbauer spectra of these Na 2 −x FeP 2 O 7 (x= 0-1) samples are shown in Fig. 3 . Overall, the XRD patterns of Na 2−x FeP 2 O 7 cathodes do not show any significant change involving approximately 2.1% volume shrinkage upon one Na removal, hinting at a topotactic Na (de)insertion reaction. The Mössbauer spectrum of pristine Na 2 FeP 2 O 7 shows mostly Fe 2+ -species having two distinct iron sites, consistent with the crystal structure. Upon Na removal, the Fe 2+ gradually converts into Fe 3+ species involving continuous structural rearrangement. At present, the exact nature of electrochemical redox mechanism is not fully understood. We are undergoing a suite of electrochemical analysis to decipher this (de)insertion process.
Conclusions
In summary, we have reported a new Fe-based cathode, Na 2 FeP 2 O 7 , for sodium ion batteries. Operating at an average voltage of 3 V (vs. Na/ Na + ), it delivers a reversible capacity of 82 mAh·g −1 with a good rate capability. It is the first practical demonstration of a pyrophosphate class of cathode material for sodium-ion batteries. With its convenient synthesis, low cost, a theoretical capacity close to 100 mAh·g
, excellent reversibility and rate capability, Na 2 FeP 2 O 7 is a promising cathode material for future sodium-based batteries. It should encourage the battery community for further exploration of Na 2−x MP 2 O 7 (M =Ti, Mn, Co, Ni, V) pyrophosphate phases as potential cathodes for Na-ion batteries. An in-depth study focusing on the underlying electrochemical reaction mechanism of optimized cathode will be presented in a future report. (Inset) The capacity as a function of discharge rate is given. In each case, the cells were charged to 4 V at a constant rate of C/10 and were kept there for 1 h before discharging at different rates to 2 V. 
